[1] The northern Red Sea is an amagmatic continental rift in which an oceanic spreading center is beginning to develop. A new compilation of marine geophysical data permits delineation of the structure of the northern Red Sea and of the manner in which the transition from continental to oceanic extension is occurring in this rift. The margins of the northern Red Sea are formed by large, apparently active faults on the seaward edge of the narrow continental shelves. The morphology of the main trough is a series of terraces stepping down to an axial depression. The terraces are a subdued expression of the basement structure, which consists of a series of large rotated fault blocks. The axial depression is an often faultbounded axis of deep water that extends south from the Suez triple junction. The rift is segmented alongstrike by throughgoing accommodation zones spaced at 40-60 km intervals along the rift. In the main trough, accommodation zones truncate or offset rift-parallel bathymetric and gravity features. The axial depression consists of a series of discrete depressions offset from each other and separated by slightly shallower areas corresponding to accommodation zones. Within each segment, the axial depression deepens away from the accommodation zones toward a small deep, a few kilometers across and a few hundred meters deeper than the surrounding seafloor. A pair of small volcanoes is perched on top of the scarps bounding the axial depression on either side of the deep within each segment. The volcanoes are all normally magnetized and interpreted as very young. The crust is uniformly thin (5-8.5 km) throughout the main trough, implying extension evenly spread across the rift through much of its development. As extension recently became concentrated at the axis, melt began to be generated and is focused to a location within the segment where it ascends along faults bounding the axial depression to form the pair of volcanoes flanking the axis. A volcano is also found on the floor of the axial depression in one segment. This isolated volcano appears to be the first step in the development of the seafloor spreading cells that are observed in the central Red Sea. The individual cells then grow and coalesce to become a continuous spreading axis.
Introduction
[2] The Red Sea is the closest active analog to the rifting and rupturing of continental lithosphere that has formed most ''Atlantic-type'' continental margins. Nearly all of the passive margins of the Indian, Atlantic and Arctic Oceans have been formed by nucleation of an oceanic spreading center within a continental rift after an extended period of rifting. The Red Sea has formed by the rupturing of Precambrian lithosphere beginning in the late Oligocene. Seafloor spreading began at about 5 Ma in the southern Red Sea [Roeser, 1975] and the transition from continental to oceanic rifting is presently occurring in the central and northern Red Sea Guennoc et al., 1990; Cochran et al., 1991] .
[3] The fact that active late-stage continental rifting is occurring in the northern Red Sea with a transition along-strike to an active oceanic midocean ridge in the southern Red Sea allows the development of the rift and the processes shaping it during the transition from continental to oceanic rifting to be directly observed. At fossil passive margins, these processes need to be inferred from the crustal structure and sedimentary record remaining after the process is complete.
[4] The purpose of this paper is to utilize a new compilation and synthesis of geophysical data from the northern Red Sea to examine how a mid-ocean ridge-type spreading center develops within a continental rift. This study will focus on the northern Red Sea from 25°N to 28°N (Figure 1) , where small cells of magmatic extension are just beginning to nucleate at the axis of what has been a nearly amagmatic rift.
Geological Setting of the Red Sea Rift
[5] The Red Sea occupies a 1900 km long riftbounded depression reaching from the Gulf of Suez to the Straits of Bab el Mandab (Figure 1) , extending through the interior of the once contiguous Afro-Arabian craton. The Gulf of Suez, which extends an additional 300 km to the northwest, was a continuation of the Red Sea Rift until it was cut off in the mid Miocene by the development of the Dead Sea transform. Uplift and unroofing began nearly simultaneously along the entire Red Sea at $34 Ma according to fission track data [Omar and Steckler, 1995] . However, there is no dated sedimentary evidence of significant uplift and erosion at this time [Bosworth et al., 1998 ]. The main phase of rifting began at $22 Ma based on fission track data [Omar and Steckler, 1995] and at 23-27 Ma based on stratigraphic data [e.g., Bosworth and McClay, 2001; Hughes et al., 1991 Hughes et al., , 1999 .
[6] Seafloor spreading in the Red Sea nucleated near 17°N at $5 Ma and propagated both north and south from that location [Roeser, 1975; Courtillot, 1982; Cochran, 1983] . The spreading center becomes discontinuous north of 19.5°N, passing into a transition zone made up of a series of discrete seafloor spreading cells or ''deeps'' [Pautot, 1983; Cochran, 1983; Bonatti, 1985; Bicknell et al., 1986] extending north to $23°N. The northern 700 km of the Red Sea are in the latest stages of continental rifting [Pautot et al., 1986; Martinez and Cochran, 1988; Cochran et al., 1991] . Thus the transition from continental rifting through an established seafloor spreading axis is displayed along-strike in the Red Sea.
[7] Current total spreading rates determined from magnetic anomalies in the southern Red Sea reach a maximum of 15-16 mm/a [Roeser, 1975 ; Chu -2c, 3, 4a, 4b, 5, 6 , and 8 is outlined in red. The regions shown in Figures 11a, 11b , 12a, and 12b are outlined in blue. The region shown in Figure 13 is outlined in black. Bathymetry and topography are contoured at 500 m intervals. Bathymetry is based on satellite altimetry measurements and is from the Smith and Sandwell [1997] grid.
and Gordon, 1998 ]. Kinematic models predict total opening rates in the range of 7.5-9.5 mm/a in the northernmost Red Sea [Joffe and Garfunkel, 1987; Jestin et al., 1994; Chu and Gordon, 1998 ]. Opening rates in the Red Sea are low by oceanic standards, although they are greater than generally observed in continental rifts. They are, however, comparable to rates observed in the earliest stages of spreading in the North Atlantic and Labrador Sea [Bown and White, 1994] . Current opening directions predicted by the kinematic models vary from N45°E to N52°E in the southern Red Sea and from N30°E to N37°E in the northernmost Red Sea. These opening directions are $10°-30°from orthogonal to the overall N150°E trend of the rift.
[8] The onset of rifting in the Red Sea was preceded by massive basaltic volcanism in Ethiopia and southern Yemen that 40 Ar/ 39 Ar dating shows to have occurred over a very short ($1.5 myr) time period at $30 Ma [Hofmann et al., 1997; Coulie et al., 2003] . This flood volcanism has been attributed to impingement of the Afar plume head on the lithosphere [Richards et al., 1989 ]. An episode of dike intrusion [Blank, 1977] dated at 24-21 Ma on the basis of K- Ar and 40 Ar/ 39 Ar data is recorded along the entire length of the Red Sea on the Arabian margin [Bartov et al., 1980; Eyal et al., 1981; Sebai et al., 1991; Feraud et al., 1991] . This episode was more intense in the southern Red Sea and was there accompanied in places by intrusion of plutonic bodies of granitic to gabbroic composition [Pallister, 1987; Davison et al., 1994; Sebai et al., 1991] . Episodic volcanism has continued to the present in Afar and in southern Yemen [e.g., Zumbo et al., 1995a Zumbo et al., , 1995b Coulie et al., 2003] , as well as in the ''Harrats'', large regions of basaltic flows on the Arabian plate outside of the Red Sea rift [Coleman et al., 1975 [Coleman et al., , 1983 Sebai et al., 1991] .
[9] After this early Miocene diking event, there has been little significant volcanic activity within the Red Sea rift, particularly in the northern Red Sea, prior to the in-progress transition to seafloor spreading [Coleman et al., 1983; Coleman, 1984; Coleman and McGuire, 1988; Sebai et al., 1991] . In the Gulf of Suez and along the Egyptian Red Figure 2a . Bathymetry database in the northern Red Sea. A dot is shown at the location of each bathymetry measurement. Data sources are discussed in the text. Shaded area marks extent of detailed Preussag Meerstechnik bathymetry maps that were used to supplement the digital data. There are a total of 275,493 digital shipboard measurements.
Sea coast, minor basaltic flows and dikes are found in some places in the lowermost syn-rift red bed unit, but not in the overlying syn-rift section Bosworth and McClay, 2001] . Extension in the central and northern Red Sea rift appears to have been primarily accommodated mechanically by rotation of large crustal blocks [Colletta et al., 1988; Martinez and Cochran, 1988; Cochran et al., 1991; Bosworth, 1994; Bosworth et al., 1998 ].
[10] The morphology of the Red Sea consists of narrow marginal shelves and coastal plains and a broad ''main trough'' with depths of 400-1200 m. In the southern Red Sea (south of about 20°N on the Arabian side and 17°N on the African side), the main trough is filled in by coral reefs. From 15°N to 19.5°N, the sea is bisected by an ''axial trough'' less than 60 km wide with depths of more than 2000 m occupied by a mid-ocean ridge spreading center [Roeser, 1975; Cochran, 1983; Miller et al., 1985; Garfunkel et al., 1987] . The central Red Sea oceanic deeps also reach depths of greater than 2000 m and are floored by oceanic basalt [Bicknell et al., 1986] . However, they are separated by ''intertrough zones'' which are shallower, broader, and covered with highly faulted sediments including both the Miocene evaporites and post-Miocene pelagic sediments [Searle and Ross, 1975; Izzeldin, 1989] .
[11] Atlantis II Deep, centered at 21°16.5 0 N, 38°5 0 E, has been the site of extensive investigations due largely to of the presence of metaliferous sediments within the deep [e.g., Degens and Ross, 1969; Backer and Schoell, 1972; Zierenberg and Shanks, 1988] . Atlantis II Deep has also been the location of DSDP drilling (Holes 225-227) on Leg 23 [Whitmarsh et al., 1974] and has been mapped using swath mapping techniques [Pautot, 1983] . Basalt fragments have been recovered from Atlantis II Deep [Shipboard Scientific Party, 1974; Coleman et al., 1973] and from Hatiba Deep (located at 22°N) [Chase, 1969] . Nereus Deep, at about 23°10 0 N, is the farthest north of the oceanic deeps. Nereus Deep has also been partially mapped with SeaBeam [Pautot, 1983] and was the site of a magnetics and bathymetry deep-tow traverse [Bicknell et al., 1986] . These studies show a volcanic ridge down the center of Nereus Deep that appears to be a mid-ocean ridge-type spreading center. Magnetics data [Roeser, 1975; Bicknell et al., 1986] imply that organized spreading at Nereus Deep has been occurring for <780 kyr. The other deeps are less well known with an early 1970s single-beam sonar survey [Backer et al., 1975] still the primary data source.
[12] A series of ''deeps'' is also found in the northern Red Sea extending nearly to the intersection with the Dead Sea Transform [Backer and Schoell, 1972; Pautot, 1983; Martinez and Cochran, 1988] . These are, however, very different from the oceanic central Red Sea deeps. With the possible exception of the Mabahiss Deep pull-apart basin centered at 25°20 0 N, 36°10 0 E, there is no evidence of oceanic crust in the northern Red Sea. The northern deeps are much shallower ($1300-1500 m) and smaller (a few km across) than the oceanic deeps. A small volcano is observed in Bannock Deep (23°33 0 N) and in Shaban Deep (26°14 0 N) Pautot et al., 1984] , but in general the deeps are sediment floored. Most of the northern Red Sea deeps are associated with large, normally magnetized, dipolar magnetic anomalies that imply the presence of recent, localized intrusions [Cochran et al., 1986] . These deeps have been interpreted as the first stages in the establishment of a magmatic spreading axis within the northern Red Sea by Martinez and Cochran [1988] .
Marine Geophysical Data in the Northern Red Sea
[13] The location of data used for this study is shown in Figures 2a-2c . There has been virtually no academic marine geological or geophysical fieldwork in the Red Sea since the late 1980s, and almost all of the available geophysical data from the Red Sea date from prior to 1990. As a result, the bathymetry data ( Figure 2a ) consist almost entirely of single-beam echo sounder data or narrow 24-beam ''classic'' SeaBeam swath data. The only wide swath-bathymetry data available is a single north-south transit line run by L'Atalante in 1992 utilizing a Simrad swath-mapping system.
[14] A primary component of the database is two systematic oil industry surveys of the Egyptian Figure 2c . Magnetics database in the northern Red Sea. A dot is shown at the location of each measurement. All data are total intensity measurements obtained from towed proton precession magnetometers. Data sources are discussed in the text. Shaded area marks extent of detailed Preussag Meerstechnik magnetics maps that were used to supplement the digital data. There are a total of 152,885 digital shipboard measurements. portion of the northern Red Sea. Other significant data sources include R/V Robert D. Conrad cruise 2507 Cochran, 1988, 1989; Cochran and Martinez, 1988; Cochran et al., 1986 Cochran et al., , 1991 , several cruises on N/O Jean Charcot carried out by IFREMER [Pautot, 1983; Pautot et al., 1984 Pautot et al., , 1986 Guennoc et al., 1988 Guennoc et al., , 1990 , bathymetry data collected by N/O Suroit during a seismic refraction experiment and two British cruises on RRS Shackleton [Girdler and Southren, 1987] and RRS Discovery .
[15] Additional bathymetry data are available from the NGDC database, mostly transit lines through the study area. However, the majority of this data showed large, erratic crossover errors with the data shown on Figure 2a that appear to be the result of navigational errors. It was not possible to reconcile most of this data with the remainder of the data set. As a result, data from very few of those cruises were used.
[16] Data is much sparser on the Arabian side of the sea. A systematic survey of that region was carried out by Preussag Meerstechnik [Richter et al., 1991] . Digital data from that survey are not available and may no longer exist (H. A. Roeser, personal communication, 2001 ). However, the German BGR provided detailed bathymetry and magnetic anomaly contour maps of portions of the survey (regions shaded in Figures 2a and 2c) . The maps were compared to available digital data. Where there was good agreement, the contours were digitized to use in producing data grids. Line spacing for the Preussag survey varied from 2 to 8 km and was densest in the areas where both bathymetry and magnetics data were collected (Figure 2c ).
[17] The total number of digital shipboard measurements in the compilation amounts to 275,493 bathymetry, 170,707 gravity and 152,885 magnetics data points. Each of the data sets was gridded with a 1 km 2 grid cell and fit with a smooth surface [Wessel and Smith, 1998; Smith and Wessel, 1990] . A bathymetric map of the northern Red Sea contoured at 100 m intervals is shown in Figure 3 . Free-air and Bouguer gravity Figure 4a . Free-air gravity anomaly map of the northern Red Sea contoured at 10 mGal intervals. Data distribution is shown in Figure 2b .
anomaly maps contoured at 10 mGal and a total intensity magnetic anomaly map contoured at 50 nT are shown in Figures 4a, 5 , and 6.
[18] Gravity coverage on the eastern side of the Red Sea is somewhat sparse (Figure 2b ). However, a gravity map (Figure 4b ) prepared from satellite altimetry data Smith, 1997, 1999] shows exactly the same pattern of anomalies as does the surface ship data (Figure 4a ), although with less resolution. The agreement between the surface-ship and satellite data verifies the contouring of the surface ship data in the regions of sparser data.
Rift Structure and Segmentation

Rift Structure and Morphology
[19] The continental margins of the northern Red Sea are abrupt and faulted, with a narrow coastal plain and continental shelf. The seaward edge of the narrow, shallow shelves is marked by a scarp, with 400 -500 m of relief along the African margin (Figures 3 and 7) . On the Arabian side, a 5-10 km wide trough with water depths often exceeding 1000 m is located at the foot of the shelf-edge escarpment along most of the margin north of 25°50 0 N. The trough is usually bounded on the seaward side by a 200-500 m high scarp ( Figure 3 ) and appears to be a graben structure. A less-pronounced graben-like trough is observed along portions of the Egyptian margin, particularly to the south of 26°20 0 N.
[20] Landward of the margin, rotated basement fault blocks are found 2-10 km from the coast where they form elongated hills and ridges with 300-500 m of relief. Additional, higher ridges are located further inland and in places, particularly on the Arabian side, a prominent rift-bounding escarpment is found. Mid-Miocene reef platforms Figure 4b . Free-air gravity anomaly map of the northern Red Sea based on satellite altimetry data Smith, 1997, 1999] . Contour interval is 10 mGal.
that are consistently at elevations of 200-300 m are found mantling the first basement fault block along much of the African margin [Bosworth et al., 1998 ]. Similar uplifted Mid-Miocene fringing reefs along the seaward edges of fault blocks are observed for at least 200 km along the Arabian margin [Purser and Hötzl, 1988] . These fault blocks are inactive and have been marked by emergence and nondeposition since the Late Miocene [Montentat et al., 1988] .
[21] Seaward of the exposed basement fault blocks, the Red Sea coast to the south of the Aqaba transform is characterized by Mid Pleistocene reef terraces that have been uplifted by 20-50 m along both margins [Purser and Hötzl, 1988; Purser et al., 1990; Plaziat et al., 1998a; Bosworth et al., 1998 ]. This pattern of raised reefs traces a progressive narrowing of the actively extending rift, as fault blocks become inactive and are transferred to the uplifting rift shoulder. The well-developed graben at the base of the shelf-edge scarp on the Arabian margin suggests strongly that the fault forming that escarpment is presently active.
[22] Seaward of the shelf-edge scarps, the bathymetry steps down in a series of terraces to an axial depression at a depth of about 1100-1200 m. Figure 7 shows a bathymetry and gravity profile and an accompanying single-channel seismic reflection line across the Red Sea that crosses the axis near 27°N (location is shown in Figure 8 ). The terraced nature of the main trough is well displayed, as is a well-defined axial depression which, on this profile, is fault bounded. Free-air gravity anomaly highs are systematically located on the seaward edge of the terraces. Martinez and Cochran [1988] determined that possible density variations within the sedimentary section are insufficient to account for the observed gravity anomalies and that the anomalies must result reflect relief on crystalline basement. They interpreted the pattern of bathymetry and gravity anomalies as resulting from a series of large rotated crustal fault blocks whose presence is reflected in a muted manner by the bathymetric terraces.
[23] The profile shown in Figure 7 runs perpendicular to a series of rift-parallel expanding-spreadprofile (ESP) seismic lines . The location at which the profile crosses each ESP line is noted. A synthetic cross section from Gaulier et al. [1988] in which they drew the basement structure to be consistent with the interpretation of Martinez and Cochran [1988] is also shown in Figure 7 . Detailed quantitative analysis of this same gravity and bathymetry line by Cochran et al. [1991] suggests that there actually must be significantly more relief on the block-bounding faults. This implies that the fault blocks are more rotated than drawn in the sketch of Gaulier et al. [1988] . Also note the thin crust and relatively uniform depth to the Moho in Figure 7 . Gaulier Figure 6 . Total intensity magnetic anomaly map of the northern Red Sea contoured at 50 nT intervals. Data distribution is shown in Figure 2c .
Geochemistry Geophysics
Geosystems G 3 G 3 cochran: northern red sea spreading center 10. 1029 /2004GC000826 et al. [1988 carried out 13 ESP seismic experiments within the Red Sea. The seven seismic lines located more than 30 km from the coast but not in the axial depressions gave depth to Moho of 10.5-14.5 km. On five of the seven, the Moho was a depth of 13-14 km below the sea surface. The Moho therefore is relatively flat and does not exhibit the large relief present on the upper surface of the crust.
[24] Well-developed fault scarps are present along portions of the boundary of the axial depression ( Figure 7) as well as at other locations. For example, Figure 9 shows a seismic reflection line (location shown in Figure 8 ) with a clearly faulted scarp (at km À30 on the bathymetry profile) that can be traced for more than 10 km along strike on adjacent bathymetry profiles. Other linear bathymetric scarps are present throughout the main trough. In Figure 10b , linear scarps can be observed at about km À40 on profiles ph45 -ph53 and at km À10 on profiles ph55 and ph57. In all of these cases, the scarp is located just seaward of the peak of a free-air gravity high, supporting the interpretation that the gravity anomalies arise from relief on basement fault blocks. The presence of linear, apparently tectonic, scarps suggests that the faults bounding the crustal blocks are still active.
[25] Since the northern Red Sea is underlain by several km of evaporites [e.g., Whitmarsh et al., 1974; Miller and Barakat, 1988] , it is perhaps surprising that the morphology reflects basement tectonics. In the Gulf of Suez, where the subsurface structure has been investigated in detail, and where the overburden is as great or greater than in the Red Sea, salt movement appears to be driven by tectonics and takes the form of salt walls that reflect the geometry of the underlying active faults [Bosworth et al., 1998 ; Orszag-Sperber et al., 1998a, 1998b] . Since, even in the Gulf of Suez where the overburden can be much greater than in the northern Red Sea, salt motion is controlled by and reflects tectonic activity, it is reasonable to assume that the seafloor morphology and gravity anomalies in the Red Sea are related to the basement structure and active tectonics. Thus even where scarps and slopes appear to occur in conjunction with diapiric features, such as near km À5 on the profile in Figure 9 , the linearity of the scarp and its relationship to the gravity anomalies lends assurance to the interpretation that it arises from and reflects the basement tectonics.
Rift Segmentation
[26] Examination of the bathymetry and gravity data allows definition of the along-axis segmenta- tion within the northern Red Sea. Figures 8, 11a, 11b, 12a, and 12b show the location of five accommodation zones extending across the northern Red Sea rift and segmenting it into welldefined tectonic segments. The accommodation zones are identified primarily by offsets and truncations of rift parallel bathymetric and gravity contours. The segmentation is clearest at the axial depression. The axis consists of a series of discrete depressions offset from each other and separated by slightly shallower areas (Figures 3, 11a , and 11b). The axial depression generally deepens away from accommodation zones toward a small deep located near the center of each segment. The profile in Figure 7 crosses Conrad Deep in Segment B. The segmentation of the axis is especially clear in the free-air gravity anomalies, which show a similar pattern of larger gravity lows in the center of segments with the gravity minimum becoming less negative toward the accommodation zones where there is an offset in the gravity low (Figures 4a, 12a , and 12b).
[27] Sets of bathymetric and gravity profiles from Segments C and D spaced 4-7 km apart and projected perpendicular to the strike of the rift are shown in Figures 10a and 10b (location of profiles is shown in Figure 8 ). Within each segment, Figure 9 . (bottom) Single channel seismic reflection line, and (top) bathymetry and free-air gravity anomaly profiles from the northern Red Sea (location shown in Figure 8 ). Note presence of clearly tectonic fault near km À30 on bathymetry profile. Scarp near km À5 on the bathymetry profile is underlain by a salt wall extending for >10 km along axis, implying that it is tectonically controlled. Also note deformed sediments within the axial depression. Bathymetry and gravity profiles are projected along N60°E with west to the left. Figure 8 . Northernmost profile is at the top. Profile names are ex (for Exxon Red Sea survey) and line number within that survey [Barakat and Miller, 1984; Miller and Barakat, 1988] . Line C25I1 is from a 1984 R/V Robert D. Conrad survey . [28] The continuity of bathymetry and gravity features breaks down at the ends of segments. The seaward end of profile ph45 ( Figure 10b ) intersects Accommodation Zone 4 (AZ4) (Figure 8 ) and the gravity high and bathymetric gradient marking the edge of the axial depression, located at km 5 to10 throughout the segment, is not present on that profile. Similarly profile ex30 (Figure 10a ) is located very close to AZ3 (Figure 8 ). The axial depression-bounding gravity high located near km 15 throughout the length of the segment is not present on profile ex30 and the boundary of the axial depression is gradual and indistinct. The large gravity anomaly located between km 0 and km À20 on profile ex30 arises from the Brothers Islands, located about 3 km south of the profile (Figure 8) . The Brothers are a fragment of mid-to lower-crustal gabbroic rocks [Shukri, 1944; Bonatti and Seyler, 1987; Hoang and Taviani, 1991] that appear to have been caught up in the accommodation zone and tectonically uplifted Bosworth, 1994] .
[29] The onshore rift structure and its relationship to the offshore structures are well studied in the Gulf of Suez. The relationship between onshore and offshore structures is less clear along the Red Sea coast. However, at least in one case, there is a clear correspondence between the accommodation zones identified in the Red Sea and rift segmentation observed on land in Egypt. Jarrige et al.
[1990] identified a reversal in the sense of dip on Figure 13 ) that was mapped and discussed in detail by Moustafa [1997 Moustafa [ , 2002 and Younes and McClay [2002] . Moustafa [2002] calls this feature the Sudmain Transfer Zone and Younes and McClay [2002] refer to it as the Duwi Accommodation Zone. This reversal in dip is directly in line with the landward extension of AZ2 (Figure 13 ).
[30] Possible landward continuations of the other accommodation zones are not as obvious. AZ1 projects to the coast at 26°40 0 -26°45 0 N near Safaga Island, while AZ3 reaches the coast near 26°N (Figures 3 and 13) . There is not a reversal in the dip direction of fault blocks at either location ( Figure 13) . However, the pattern of rift-parallel faults bounding large crustal blocks is disrupted and offset at both locations. Moustafa [2002] described a NNE-SSW trending transfer fault connecting the eastern bounding faults of the Gebel Um Hammad-Gebel Duwi block and the Gebel Hamadat blocks near 26°N in line with AZ3 ( Figure 13 ). The offset between the two fault blocks is about 10 km. In the north, at the location of AZ1, Bosworth et al. [1998] describes a zone of E-W cross-faults extending for about 10 km south of Gebel Um Tagher (Figure 13 ) that segment the rift-parallel faults. Bosworth et al. [1998] interpret the cross-faults to have formed synchronously with the main normal faults, acting as relays between normal faults. It is possible that these two disrup- tions of the pattern of rift-parallel normal faults bounding rotated fault blocks result from segmentation of the early continental rift at which the polarity of the initial rift half grabens did not reverse.
[31] AZ4, which projects to the coast near 25°25 0 N, coincides with a linear band of high seismicity on a recent compilation from the Egyptian national seismic network by the National Research Institute for Astronomy and Geophysics (NRIAG) (A. Badawy, personal communication, 2004) . This linear band of small earthquakes extends from at least the Red Sea axis past the coast and extends inland through Abu Dabbab, which has been the site of numerous recorded earthquakes with magnitudes as great as 5.1 [Daggett et al., 1986; Kebeasy, 1990] . Seismicity farther north in the Red Sea is more diffuse and it is not possible to correlate the other accommodation zones with increased seismicity.
[32] Bosworth [1994] has proposed a segmentation pattern for the northern Red Sea based on outcrop observations of polarity reversals along both margins of the Red Sea. This methodology results in much longer segments ($150 km) and accommodation zones that are oblique the opening direction. The segmentation observed in the offshore marine portion of the Red Sea is both more orthogonal and shorter wavelength. This difference appears to result from the fact that the segmentation that developed offshore utilized transfer zones where there was not a rift polarity reversal. [33] There is a fundamental difference between the nature of the exposed onshore accommodation zones and those in the very extended marine portion of the northern Red Sea rift. The accommodation zones exposed on the margin are narrow zones of deformation offsetting individual fault blocks and often not orthogonal to the trend of the rift [Moustafa, 1997 [Moustafa, , 2002 Bosworth et al., 1998; Younes and McClay, 2002] (Figure 13 ). In contrast, the accommodation zones within the marine northern Red Sea are broader zones oriented parallel to the opening direction. Continental rift segmentation has been extensively studied in the East African Rift where it has been found to be complex, sinuous and often oblique to the extension direction [e.g., Bosworth, 1985; Bosworth et al., 1986; Ebinger, 1989a Ebinger, , 1989b Burgess et al., 1988] . This type of segmentation is observed along the margins of the northern Red Sea and in the Gulf of Suez. This type of oblique accommodation zone appears able to allow the amount of extension that has occurred in the basins of the Gulf of Suez [Patton et al., 1994] . Roughly 125 km of extension has occurred in the northern Red Sea, which is about five times that in the Gulf of Suez. One result of the large amount of extension in the Red Sea is that the accommodation zones appear to have been rotated to be more parallel to each other and to the opening direction. They are still relatively broad zones, as found in the Gulf of Suez, with differential motion probably accommodated on a number of different faults, Figure 12b . Free-air gravity anomaly map of the axial portion of the northern Red Sea from 25°20 0 N to 26°40 0 N contoured at 10 mGal intervals. Sets of blue lines delineate the location of accommodation zones segmenting the rift. Purple dots mark the location of the rift axis identified on individual bathymetry and gravity profiles. The purple lines are smooth curves fit through the axis locations within each segment. Triangles mark location of volcanoes identified from magnetic anomalies (Figure 6 ). The triangles are blue when the identification is confirmed by bathymetry or gravity data and white when based only on magnetics data. 2004GC000826 rather than a single throughgoing fault as observed at oceanic transforms.
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Rift Volcanism
[34] Virtually no syn-rift volcanism has been reported from the exposed margins of the northern Red Sea rift. On the Sinai margin of the Gulf of Suez, the Abu Zenima formation (earliest syn-rift red beds) is capped by a basalt flow Bosworth and McClay, 2001 ] that has been dated at 21 Ma. Other scattered dikes and flows in Sinai have been dated at 22-27 Ma [Meneisy, 1990; Plaziat et al., 1998b; Bosworth and McClay, 2001 ] and a few basalt flows near Quseir (26°05 0 N) on the Egyptian Red Sea coast have been dated at Figure 13 . Possible location of landward extensions of the accommodation zones identified offshore superimposed on a structural map modified from Moustafa [2002] . Structural features described by Jarrige et al. [1990] , Moustafa [1997 Moustafa [ , 2002 , Bosworth et al. [1998] , and Younes and McClay [2002] that are possible accommodation zones as discussed in the text are shown in red. AZ2 projects ashore at a location where the polarity of dip on crustal fault blocks reverses. AZ1 and AZ3 project ashore where polarity does not reverse but where the pattern of rift-parallel faults is disrupted and offset. Basemap from Moustafa [2002] is copyright 2002 by AAPG and reprinted by permission of AAPG, whose permission is required for further use. [Meneisy, 1990; Plaziat et al., 1998b] . After this early episode, rifting in the northern Red Sea appears to have been largely amagmatic.
23-25 Ma
[35] Diabase dikes and sills have been described from Zabargad [e.g., El Shazly et al., 1974; Bonatti et al., 1983; Nicolas et al., 1987; Bosworth et al., 1996] and the Brothers Islands [Shukri, 1944; Taviani et al., 1984] . Both locations are uplifted slivers of crustal and mantle rocks, with prerift sedimentary rocks present on Zabargad [e.g., Bonatti et al., 1983; Bosworth et al., 1996] . 40 Ar/ 39 Ar [Villa, 1990] and U-Pb [Oberli et al., 1987] dating suggests Miocene ages of 18.5-20 Ma for the dikes on Zabargad. Nicolas et al. [1987] have suggested a Pleistocene age for one set of dikes based on stratigraphic relationships.
[36] The total intensity magnetic anomaly map ( Figure 6 ) shows two patterns of magnetic anomalies within the marine portion of the northern Red Sea. The southeast corner of the map, in the vicinity of Mabahiss Deep, contains a series of large amplitude anomalies that are lineated in a NW-SE direction. The remainder of the northern Red Sea exhibits a relatively flat magnetic field on which a number of large-amplitude dipolar anomalies are superimposed.
[37] Mabahiss Deep is a large escarpment-bounded pull-apart basin with areas of outcropping basaltic flows on its floor [Pautot et al., 1986; Guennoc et al., 1988 Guennoc et al., , 1990 . It is located at the northern end of a N-S oriented portion of the Red Sea axis that is at a large angle to the opening direction (Figure 1) . Zabargad Island, a compressional feature exposing mantle rocks [El Shazly and Saleeb, 1979; Bonatti et al., 1981 Bonatti et al., , 1983 Nicolas et al., 1987] , is located along the western Red Sea margin at the southern end of the N-S trending region. Dixon et al. [1987] and Crane and Bonatti [1987] argue that this oblique portion of the Red Sea axis results from the interaction of the rifting with a Precambrian lineament, the Onib-Hamisana suture. Crane and Bonatti [1987] also argue that the extension resulting in Mabahiss Deep and the compression responsible for the formation of Zabargad both result from this interaction.
[38] Magnetic anomalies in the Red Sea to the north of Mabahiss Deep are all dipolar anomalies ( Figure 6 ) implying a compact localized source. These anomalies have been interpreted as arising from discrete localized volcanoes [Cochran et al., 1986; Martinez and Cochran, 1988; Guennoc et al., 1988] . In a number of cases, this inference has been verified by direct observation of a small volcanic structure (Figures 14 and 15 ) Guennoc et al., 1990] . The locations of volcanoes implied by the magnetic anomaly map are shown as triangles in Figures 11a, 11b, 12a , and 12b. Where this inference is confirmed by bathymetry and/or gravity data, the triangle is blue. In the cases where Figures 16a and 16b . Profiles are projected along N60°E with west to the left. 2004GC000826 there is not other supporting evidence, the triangle is white. The location of the volcano shown at 26°07 0 N, 25°07 0 E to the west of the axis in Segment D is based primarily on the observation of a seamount at that location reaching to 380 m of the sea surface ($400 m above the surrounding seafloor) [Guennoc et al., 1988] that coincides with the location of a large gravity high (Figures 4a, 4b,  and 12b ). The magnetics data alone would suggest that this volcano is located $10 km farther to the east. All of the dipolar magnetic anomalies in the northern Red Sea imply a normally magnetized source. This observation suggests that the volcanism is recent and has occurred within the last 780 kyr.
Geochemistry Geophysics
[39] Volcanoes within the northern Red Sea systematically occur at two distinct locations. There is a set of volcanoes that are located on the edge of bathymetric terraces immediately adjacent to accommodation zones. The small structure piercing through the sediments on the seismic line in Figure 14 , located at the intersection of the seaward edge of a terrace with AZ3 (Figure 11b) , was interpreted by Martinez and Cochran [1988] as a small volcano. A three-dimensional seismic survey suggests that this structure may be a rotated fault block rather than a volcano (W. Bosworth, personal communication, 2004) . If the exposed structure imaged in Figure 14 is a shallow or uplifted corner of a rotated fault block, this could help explain the very large gravity anomaly at that site. However, it will not explain the large dipolar magnetic anomaly, which requires a large intrusion at that location, apparently utilizing the faults bounding the block as a conduit. Note that the nearby Brothers Islands, which are uplifted crustal slivers Bonatti and Seyler, 1987; Bosworth, 1994] , do not have an associated magnetic anomaly ( Figure 6 ). Other volcanoes are similarly located at the edge of bathymetric terraces adjacent to AZ2 and AZ4 (Figures 3, 4a, 4b, 11a, 11b, 12a, and 12b ). An additional volcano, suggested by magnetics data but not substantiated by other observations, is located at the edge of a terrace near the center of Segment C to the east of the axis (Figure 6 ).
[40] The other location at which observed and inferred volcanoes are located is along the edge of the axial depression. These volcanoes are generally not located at the axis, but rather are on the edge of the first terrace bounding the axial depression ( Figure 15 ) [Cochran et al., 1986] . With the exception of Segment A, the northernmost segment, there are two axis-flanking volcanoes within each segment, one on each side of the axial depression immediately adjacent to the small deep within that segment (Figures 11a and 11b) [Cochran et al., 1986] . At Segment D, in addition to the two volcanoes flanking the axial depression, a volcano is located at the axis, within Shaban Deep [Pautot et al., 1984] . The consistent occurrence of volcanoes at the edge of terraces, whether along the axial depression or elsewhere within the main trough, suggests that magma utilizes the faults bounding the large rotated crustal blocks as a path to the surface [Cochran et al., 1986] . The single exception is the volcano mapped within Shaban Deep by Pautot et al. [1984] in Segment D. The swath bathymetry data show that although this volcano is elongated along the axis, it is clearly an isolated central volcano and not a volcanic ridge [Pautot et al., 1984] . This is also supported by the gravity and magnetics data (Figures 4a, 6 , and 12b). [42] Figures 16a and 16b also show the location of available bathymetric and gravity measurements. Both of the observed volcanoes are areally quite small (<5 km across) and are each documented by a single bathymetric line. Without the RRS Shackleton profile, the systematic Exxon survey, with a line spacing of $6 km would not have revealed the presence of the axis-flanking volcano, although it might be inferred from the gravity anomalies. The location of another volcano inferred from magnetics data to be located near 26°38 0 N, 35°12 0 E is shown by a white triangle. The lower track density to the east of the axis allows a bathymetric and gravity feature the size of the volcano on the west side to be located at that position without being apparent on the shipboard data. The sh08 profile may cross the edge of this inferred volcano near km 38 where there is an $100 m bathymetric high (Figure 15 ). The majority of the other unconfirmed volcanoes are also located in areas of sparse shipboard data on the Arabian side of the sea and it appears that the magnetics data provides the best measure of the location of recent volcanic activity.
The Axial Trough and Transition From Continental Rifting to Seafloor Spreading
[43] Seismic refraction experiments in the northern Red Sea have been interpreted as showing a crustal thickness of about 20 km along both the Egyptian and Saudi Arabian coasts [Makris et al., 1979 [Makris et al., , 1983 Rihm et al., 1991] . On the Egyptian side, the crust appears to reach its unrifted thickness of 30-35 km within 20-30 km of the coast . ESP 7 of Gaulier et al. [1988] , located about 20 km offshore, gives a 9.1 km thick crust underlying 7.6 km of sediment so that the Moho is at 16.7 km. Seven other ESPs, located more than 28 km from the coast, but not in the axial depression give crustal thicknesses of 5.1-8.3 km and depths to Moho of 10.5-14.5 km . On six of these profiles, the depth to Moho is very uniform at 13-14.5 km below the sea surface. The crustal thickness determinations do not show a systematic relationship to distance from the margin. Gaulier et al. [1988] also ran five ESPs centered in the axial depression. These lines gave depths to Moho of 10-10.5 km with crustal thicknesses of 4.9-7.2 km.
[44] There are no reliable crust thickness measurements from the Arabian side of the Red Sea. Rihm et al. [1991] report on three OBS seismic profiles run with air gun or seismic charge sources. None of these gave refracted mantle arrivals, although all three showed reflections at 10-12 km depth that were interpreted by Rihm et al. [1991] as arising from an intracrustal ''Conrad'' discontinuity. If instead, these reflections are interpreted as arising from the Moho, the inferred crustal thickness for these three profiles is 6.5-8 km.
[45] The depth to Moho on the Egyptian side of the northern Red Sea is relatively constant at distances more than about 20 km from the coast, while the crustal thickness varies by 50% (Figure 7 ). These observations suggest that there has been extensive flow in the lower crust to relieve stress differences resulting from rotation of the large crustal blocks implied by the gravity anomalies and observed in the Gulf of Suez. In addition, almost all of the crustal thinning occurs over an approximately 50 km wide area centered on the present coastline. This observation also implies that extension has been evenly distributed across this portion of the Red Sea over most of the history of the rifting.
[46] The crustal structure of the Arabian side of the Red Sea is less well known, due primarily to the lack of reliable seismic data. The interpretation of offshore profiles by Rihm et al. [1991] differs significantly from that originally presented by Makris et al. [1983] . Makris et al. [1983] also presented a seismic refraction line extending into Arabia from the coast at $26°N. Their interpretation shows a very gradual increase in crustal thickness extending over 100 km inland from the coast. Later discussions of the structure of the northern Red Sea by the same authors Makris and Rihm, 1991; Rihm and Henke, 1998 ] do not discuss this profile. On the basis of heat flow [Buck et al., 1988; Martinez and Cochran, 1989] , bathymetry ( Figure 3 ) and gravity ( Figure 4a ) data in the absence of definitive seismic data, we will assume that the structure of the Red Sea is basically symmetric.
[47] Although extension through most of the rift's evolution has been distributed relatively evenly across the Red Sea between the shelf-edge scarps, recent extension appears to have been concentrated at the axis. A number of investigators have commented that deformation within the sediment column is more intense within the axial depression than in the rest of the northern Red Sea [Knott et al., 1966; Guennoc et al., 1988; Martinez and Cochran, 1988] . Martinez and Cochran [1988] noted that their seismic reflection lines show that Reflector S (top of evaporites) appears folded and faulted in the axial depression, and that the sediments between S and the seafloor are frequently deformed conformably with S, indicating ongoing, active deformation (Figure 9 ). In contrast, they found that seismic profiles away from the axial depression generally show a decrease in deformation from reflector S to the seafloor with individual reflectors frequently having onlapping terminations on lower ones. Marked discordances can be observed in places. Martinez and Cochran [1988] interpret these observations as indicating episodic tectonic activity and much less intense recent deformation than in the axial depression. Active faulting away from the axial depression appears to be concentrated on a few faults bounding the large rotated crustal blocks, often resulting in the formation of scarps (Figure 9 ).
[48] Cochran [1988, 1989] presented three profiles of closely spaced heat flow measurements extending across the northern Red Sea. In all three profiles, heat flow increases from about 125 mW/m 2 near the margins to 250 -350 mW/m 2 in the axial depression ( Figure 17 ). The association of the maximum heat flow with the axial depression is particularly clear for the northern profile where the axial depression is offset toward the western portion of the Red Sea. Buck et al. [1988] and Martinez and Cochran [1989] modeled the heat flow resulting from different extension models including simple shear and a number of pure shear models in which the extending region either broadened with the rift or remained a constant width. They found that, to match the heat flow pattern, it is necessary that the zone of extension widen with the rift throughout most of the rifting history (for $20 myr), but narrows to a width comparable to the axial depression ($20 km) within the last 5 myr. These models also suggest that melt may have begun to be generated very recently under the axis [Buck et al., 1988; Martinez and Cochran, 1989] .
[49] Rifting in the northern Red Sea has been amagmatic through most of the rifting history. Scattered basaltic flows are associated with the very earliest stages of rifting [Meneisy, 1990; Plaziat et al., 1998b; Bosworth and McClay, 2001] . After this episode, there is no evidence of volcanism until the formation of a number of localized volcanic edifices within the rift. Magnetic anomalies (Figure 6 ) show that these small volcanoes are all normally magnetized and thus presumably have been erupted since 780 ka. These volcanoes are systematically located relative to the rift structure. They occur at the top of scarps or slopes marking the edge of terraces and appear to have ascended through the crust along faults. In particular, a pair of volcanoes are located across from each other on the scarps bounding the axial (Figures 11a  and 11b ).
[50] Although the amount of extension is continuous along the axis, melt delivery to the surface is not two-dimensional but rather melt generated under the axis within a segment is focused to a specific location within that segment. Strong focusing of melt within segments is observed at mature oceanic slow-spreading rate mid-ocean ridges such as the Mid-Atlantic Ridge [e.g., Lin et al., 1990; Detrick et al., 1995; Magde et al., 2000] . Apparently this focusing mechanism is also operative within a continental rift during the earliest stages of magmatic extension.
[51] A deep is mapped on the floor of the axial depression between the two volcanoes in each segment (Figures 11a and 11b) . These are sediment-floored depressions a few to 10 km across, that are about 200 m deeper than the surrounding seafloor. Conrad Deep, near 27°N in Segment B (Figure 11a ) is highly elongated along a N10°E trend [Cochran et al., 1986] , parallel to the Gulf of Aqaba trend. The other deeps are not as well mapped, but appear to be amorphous. The origin of these deeps is unclear. Gaulier et al. [1988] noted that ESP profiles centered over the axial depression generally gave lower crustal velocities than the adjacent portion of the main trough, which they attribute to extensive crustal fracturing. They also argue that a 6.4-6.6 km/s layer making up the lower crust on their ESP 14 centered at Conrad Deep results from basic intrusions into this fractured crust ].
[52] Pautot et al. [1984] mapped a small volcano within Shaban Deep in Segment D and recovered a fragment of tholeiitic ferrobasalt from it [Maury et al., 1985] . This volcano covers an area of about 8 km by 2 km and is elongated along a N150°E trend, parallel to the trend of the axis. It reaches a depth of 860 m, about 630 m above the adjacent seafloor [Pautot et al., 1984] . Flanking volcanoes on the edge of the axial depression, similar to those observed at other segments, are also present within Segment D (Figures 11a and 11b) . The dipolar magnetic anomalies from these three volcanoes merge together to form a NE-SW-trending linear high-low pair (Figure 6 ).
[53] The Shaban Deep volcano is the first expression of axial volcanism in the northern Red Sea rift. The first melt under the axis ascended along throughgoing faults to produce the matched volcanoes flanking the axial depression, perhaps with some intrusion into the lower crust beneath the axis. However, very quickly, the increased amounts of magma, repeated intrusions and perhaps also increasing shallow isotherms create a situation where magma can ascend directly to the surface through the pre-existing crust rather than along the conduits provided by the large block-bounding faults. Since all of the volcanic magnetic anomalies show normal magnetization (Figure 6 ), this process Figure 17 . Heat flow profiles across the northern Red Sea. Location of the measurements is shown in Figure 8 . Bathymetry and heat flow data are projected along an azimuth of N60°E. The heat flow data are tabulated and analyzed by Martinez and Cochran [1989] . 2004GC000826 took less than 780 kyr in Segment D, although it is not possible with the present data to say exactly how much time the transformation to axial volcanic extension takes to occur.
Geochemistry Geophysics
[54] The model proposed here for the development of the northern Red Sea involves an extended period of rifting and extension of continental crust prior to the development of a magmatic axis. As a result, the continental crust within the water-covered Red Sea is less than 10 km thick. There is no evidence of a zone of exhumed mantle such as is observed at the amagmatic Galicia margin [e.g., Boillot et al., 1987 Boillot et al., , 1988 Krawczyk et al., 1996; Chian et al., 1999] . The transition to a magmatic axis is just beginning in the northern Red Sea. In the central Red Sea ($21°N-23°30 0 N), where more extension has occurred, discrete seafloor spreading cells have developed and are propagating along axis. However, the majority of the width of the sea is underlain by quite thin continental crust. In the southern Red Sea, with additional extension, the individual cells have grown together to form a continuous spreading axis. The age to which seafloor-spreading magnetic anomalies extend in the southern Red Sea varies quasiperiodically along the axis [Roeser, 1975] strongly suggesting that the active spreading axis developed as a series of isolated cells that grew together to form a continuous axis [Cochran, 1983] .
Alternative Models for Red Sea Evolution
[55] The model developed above appears to explain the entire set of available observations. The major shortcoming of the model is the lack of seismic reflection data that image the structure of the top of the crust to verify the sets of rotated fault blocks that are inferred to occupy the main trough. This is, however, not the only model that has been proposed for the development of the Red Sea. Very different models have been proposed that emphasize certain subsets of the data, particularly seismic refraction results.
Oceanic Main Trough Model
[56] Gaulier et al. [1988] and LePichon and proposed a model for the development of the northern Red Sea in which the distribution of oceanic crust is defined by crustal seismic velocity. Gaulier et al. [1988] presented the results of an extensive ESP seismic refraction experiment in the northern Red Sea. The ESP lines form two traverses from near the Egyptian coast to the axis of the Red Sea with the individual profiles oriented NW-SE along-strike of the sea. The northern transect extends seaward from about 26°45 0 N within Segment B along the profile shown in Figure 7 . The southern transect is centered within Segment D. All of the profiles show very thin crust in the range of 5.1-8.3 km thick and a very uniform Moho depth . However, the traverses give very different crustal velocities. The northern set shows relatively low crustal velocities (5.5-6.4 km/s). The southern set, on the other hand, shows a main crustal layer with higher velocities in the range of 6.45-6.8 km/s.
[57] Gaulier et al. [1988] interpreted the higher velocities in the southern transect as being diagnostic of oceanic crust. LePichon and Gaulier [1988] hypothesized that seafloor spreading began in the northern Red Sea at about 13 Ma as the result of an acceleration in the motion between Africa and Arabia. LePichon and argue that an abrupt boundary from oceanic crust in the south to very thin continental crust in the north could result from the northern area being within a broad Levant shear zone until the end of the Miocene when motion became centered on present narrower transform. The southern boundary of this hypothesized shear zone extends roughly along AZ3 near the Brothers Islands to the axis of the sea and then north to reach the coast near 28°N, 35°10 0 E (Figure 3 ).
[58] Cochran and Martinez [1988] undertook a detailed critique of this model. There are several difficulties. First, Rihm et al. [1991] presented results of three unreversed OBS seismic refraction lines from the eastern Red Sea centered near (26°7 .5
0 E). Mantle arrivals were not obtained on any of these lines, but all three gave upper crustal P wave velocities of 5.8-6.2 km/s, velocities assumed by Gaulier et al. [1988] as indicative of continental crust. Two of the three refraction lines are, however, in areas that LePichon and Gaulier [1988] hypothesize are floored by oceanic crust.
[59] Also, the ocean-continent boundary proposed by LePichon and Gaulier [1988] is not apparent in the geophysical data (Figures 3, 4a, 4b , 5, and 6). Not only is the proposed boundary not evident, but the bathymetry and the nature of the geophysical anomalies remain unchanged across the proposed boundary. On both sides of the proposed boundary the bathymetry consists of terraces stepping down to the axial depression with free-air gravity highs on the seaward edge of the terraces. The magnetic anomalies throughout the entire area are dipolar anomalies indicating isolated, normally magnetized sources. In particular, the nature of the axial depression and the relationship of volcanoes to the axial deep remain constant throughout the entire area north of Mabahiss Deep.
[60] Finally, the change in crustal velocities between the northern and southern sets of northern Red Sea ESP experiments corresponds to a north-south change in the nature of the basement rocks observed onshore in Egypt. The Eastern Desert of Egypt has been divided into three sections on the basis of the type of Precambrian basement rock exposed in the red Sea hills [Stern and Hedge, 1985] . The north Eastern Desert basement ''is composed of 70% -80% granite, granodiorite and allied plutonic rocks and is weakly deformed'' [Stern et al., 1984, p. 168] . In contrast, the central Eastern Desert basement consists mainly of mafic metavolcanics, gabbros, ultramafic rocks and associated metasedimentary rocks. Greiling et al. [1988, p. 180] describe the central Eastern Desert as ''made up almost exclusively of ophiolitic mélange and associated rocks, together with subordinate molasse-type sediments and late tectonic volcanics and intrusives''. Stern et al. [1984] describe the boundary between the northern and central Eastern Desert as a ''major structural discontinuity'' and state ''missing in the basement of the north Eastern desert are the ophiolitic ultramafics and low-K pillowed tholeiites, mélanges, banded Fe formation and northwesttrending shears characteristic of the central Eastern Desert''. The boundary between the two provinces is located between Safaga (26°40 0 N and Quseir (26°05 0 N). These observations suggest that the north-to-south change in the basement velocity structure in the northern Red Sea, interpreted by LePichon and as a change from continental to oceanic crust, is actually a change between two very different, but both continental, types of prerift basement rocks.
Asymmetric Pull-Apart Model
[61] Another series of papers Makris and Rihm, 1991; Makris and Henke, 1992; Rihm and Henke, 1998 ] develop a model for the evolution of the Red Sea also based on seismic refraction results. They assumed, as did LePichon and , that the higher velocity crustal velocities observed between 25°N and 26°N in the western Red Sea demonstrate the presence of oceanic crust in that area. They hypothesize that this crust formed in pull-apart basins. This model assumes that the earliest motion along the Red Sea rift was left-lateral strike slip along reactivated Pan-African sutures and fault zones. Sinuousness in this plate boundary created ''proto-pull-apart basins''. These authors assume that, at about 22 Ma, a burst of volcanic activity accompanied a reorganization of plate motion in which separation accelerated and the direction of motion shifted to be parallel to the present Dead Sea transform. The increased opening and availability of magma led to formation of oceanic crust in the nascent pull-apart basins, which widened and coalesced. During the time that pull-apart basins formed along the western margin of the Red Sea, the eastern margin is assumed to have been extended through rotation of large crustal fault blocks forming a broad continental margin that contrasts greatly with the hypothesized abrupt western margin Rihm and Henke, 1998 ]. For unspecified reasons, the nature of extension changed at about 5 Ma, when the Red Sea developed it present extensional axis delineated by the axial depression and seafloor spreading began to propagate north within this axis from the southern Red Sea.
[62] Makris and Rihm [1991] argue that major development of oceanic pull-apart basins in the northern Red Sea began at 18-20 Ma as the result of ''intensified rifting'' accompanied by ''pronounced magmatism'' in the northern Red Sea. They supported their assertion of intense magmatic activity in the northern Red Sea by a histogram in which they divide the Red Sea into three sections (south, central and north) and for each section show the percentage of magmatic events in each sector during three time slices . This histogram was interpreted to show a wave of volcanism moving north in the Red Sea. There are a number of problems with this argument. First, the histogram is deceptive because it looks at the percentage of events and not the total number of magmatic events within each area during each time slice. The southern Red Sea was subjected to very intense magmatism [e.g., Mohr, 1978; Coleman et al., 1975 Coleman et al., , 1983 Pallister, 1987; Coleman and McGuire, 1988] totaling thousands of individual events. However, Oligocene and Miocene volcanism in the northern Red Sea is limited to only a few scattered minor flows and dikes in the lowermost syn-rift sediments [e.g., Plaziat et al., 1998b; Bosworth and McClay, 2001 ] which does not represent the ''pronounced magmatism'' claimed by Makris and Rihm [1991] .
[63] Even more crucially, the histogram is based primarily on K-Ar dating. More recent and more accurate 40 Ar/ 39 Ar dating demonstrates that although volcanism in Ethiopia, Afar and southern Yemen related to the Afar plume began around 30 Ma [e.g., Zumbo et al., 1995a; Hofmann et al., 1997; Coulie et al., 2003] , volcanism in the southern Red Sea occurred primarily at 24 -21 Ma Feraud et al., 1991] , contemporaneous with volcanism in the northern Red Sea [e.g., Bartov et al., 1980; Eyal et al., 1981; Plaziat et al., 1998b; Bosworth and McClay, 2001] . Magmatic activity related to rifting thus was simultaneous and corresponds to the onset of rifting throughout the length of the Red Sea.
[64] A crucial assumption of the asymmetric pullapart model of Makris and Rihm [1991] and Rihm and Henke [1998] is an early stage of strike slip motion parallel to the present rift trend. Bosworth and McClay [2001] carefully reviewed outcrop data from the Gulf of Suez and conclude that ''strike-slip kinematic indicators have not been found along major block-bounding faults of the southern, central or northern Gulf of Suez'' and ''all significant populations of fault kinematic indicators, whether from major bounding fault complexes or smaller-scale faults, and of all ages, are compatible with ENE-WSW to NNE-SSW extension'' [Bosworth and McClay, 2001, p. 597] In addition, the presence of 21-24 Ma dikes parallel to the present rift trend [Bartov et al., 1980; Eyal et al., 1981; Sebai et al., 1991] along the northern Red Sea margins demonstrates that the stress field at the time of rift initiation was normal to the present overall trend of the rift (i.e., N60°E and not N15°E) (W. Bosworth, personal communication, 2004 ).
[65] Rihm et al. [1991] show a crustal velocity of 6.5 km/s on the seismic section that they display from the hypothesized area of oceanic crust in northern Red Sea. This velocity is consistent with crustal velocities of 6.45-6.8 on seismic lines in the same area reported by Gaulier et al. [1988] . Makris and Rihm [1991] hypothesize a second region of oceanic crust, also generated in pull-apart basins along the African margin between 19°N and 22°N in the central Red Sea. The seismic lines interpreted by Egloff et al. [1991] and Makris and Rihm [1991] as oceanic off of Sudan display a thin (<5 km) crust with crustal velocities of 4.6-6.4 km/s. A nearby seismic refraction line showing a 12 km thick crust in which lower crustal velocities reach 6.8 km/s was interpreted as thinned continental crust. Rihm et al. [1991] , Egloff et al. [1991] , and Makris and Rihm [1991] never state their criteria for recognizing crust as oceanic, but the observations above suggest that their primary criterion is crustal thickness, independent of velocity. This is also suggested by the fact that their maps indicate that oceanic crust extends into the region of the northern ESP transect of , which also displayed low crustal velocities and was interpreted by LePichon and Gaulier [1988] as thin continental crust.
[66] The asymmetric pull-apart rifting model for the northern Red Sea developed by Makris and Rihm [1991] and Rihm and Henke [1998] is not supported by the available geophysical and geological data. As with the LePichon and model, the proposed area of oceanic crust (roughly 20-70 km off the African coast between 24°N and 27°N) is not apparent in either the bathymetry (Figure 3 ) nor in the gravity nor magnetic anomalies (Figures 4a, 5, and 6 ). In contrast, Mabahiss Deep, which, although not discussed at all in this set of papers or shown on any of their maps, is a pull-apart basin floored by basalt [Guennoc et al., 1988; Coutelle et al., 1991] , has a prominent bathymetric expression (Figures 3  and 11b ) and large potential field anomalies (Figures 4a, 5, 6, and 12b) . It is, however, located on the eastern side of the Red Sea and thus is not compatible with the Makris and Rihm [1991] model.
[67] Makris et al.
[1991] present a 2-D model of Bouguer gravity anomalies in the northernmost Red Sea that appears to show a very asymmetric structure with much more rapid crustal thinning on the African side and higher density oceanic crust within the Red Sea. Makris and Rihm [1991] state that this model verifies their hypothesis for the development for the Red Sea. Unfortunately, the profile modeled by passes through the southernmost Gulf of Suez and crosses into the Red Sea across the Dead Sea/Suez transform margin rather than the rifted African margin. The rapid change in crustal thickness is due to crossing a transform boundary where a large change in crustal thickness is expected because of the greatly differing amounts of extension on either side of this boundary [e.g., Steckler et al., 1988] . The contention of Makris and Rihm [1991] that the gravity modeling of supports their model is not correct.
[68] Makris and Rihm [1991] note that the northern two heat flow profiles of Martinez and Cochran [1989] are asymmetric with the heat flow peak located to the west of the center line of the Red Sea ( Figure 17 ) and argue ''the heat flow is not controlled by simple stretching and symmetrical extension along a central axis. It is aligned along NNE-SSW (Aqaba-trend) oriented fractures of enechelon distribution'' [Makris and Rihm, 1991, p. 450] . Makris and Rihm [1991] did not show bathymetry profiles to accompany the Martinez and Cochran [1989] profiles. The bathymetry clearly shows that the heat flow maximum is over the axial depression in each profile (Figure 17 ). The northern profiles are offset to the west because the axial depression runs diagonally across the main trough from Mabahiss Deep to the Suez triple junction (Figure 3 ).
Summary and Conclusions
[69] The continental margins of the northern Red Sea are abrupt and faulted with a narrow coastal plain and continental shelf. A scarp marks the seaward edge of the shelf along both margins. Seaward of the shelf-edge scarps, the bathymetry steps down in a series of terraces 20-30 km wide and often fault-bounded, to a 15-30 km wide axial depression at a depth of 1100-1200 m. Geophysical data implies that the terraces are a subdued expression of the basement structure, which consists of a series of large rotated fault blocks.
[70] The rift is segmented along-strike by throughgoing accommodation zones spaced at 40-60 km intervals along the rift. In the main trough, the accommodation zones separate sets of crustal fault blocks and, as a result, truncate or offset riftparallel bathymetric and gravity features. The segmentation is most obvious at the axis. The axial depression consists of a series of discrete depressions offset from each other and separated by slightly shallower areas corresponding to the accommodation zones. Where accommodation zones can be identified onshore in Egypt, there is a correspondence between the offshore segmentation and the onshore rift segmentation.
[71] Seismic refraction studies show that, at distances of greater than about 20 km from the margin, the crust within the northern Red Sea is thin (5-8.5 km). The Moho is at a relatively constant depth of 13-14.5 km. These observations imply that extension was distributed across the entire width of the sea for much of its development. Extension appears to have occurred by rotation of the large crustal blocks underlying the main trough along listric faults that soled out into a zone of plastic creep, resulting in the observed flat Moho. The presence of fault scarps bounding the main trough terraces in places suggests that the large block-bounding faults are still active. However, recent deformation and extension appear to be primarily concentrated within the axial depression where the sediments are highly deformed and faulted. Analysis of heat flow data [Buck et al., 1988; Martinez and Cochran, 1989 ] also requires that extension has become centered at the axial depression over the last few million years.
[72] The axial depression trends at $N140°E, or at an angle of about 10°to the N150°E trend of the rift. As a result, it cuts across the main trough from Mabahiss Deep, located on the eastern side of the sea, to the Gulf of Suez on the western side (Figure 3) . The axial depression is thus closer to orthogonal to the present-day opening direction than is the overall rift. The water depth within the axial depression increases and the axial free-air gravity anomaly becomes more negative away from accommodation zones toward a small deep located within each segment. Deeps are small, generally sediment-floored depressions that are a few kilometers across and about 200 m deeper than the adjacent seafloor. With the exception of Segment A, immediately adjacent to the Suez triple junction, a pair of small volcanoes flanks the deep within each segment. These volcanoes are located on the seaward edge of the first terrace flanking the axial depression on each side. All of the volcanoes are normally magnetized and are therefore younger than 780 kyr. They may be much younger. A volcano is also located on the floor of the axial depression within Shaban Deep in Segment D (Figures 3, 11a , and 11b).
[73] These observations allow development of a model for the development of an oceanic spreading center within a previously amagmatically extending continental rift. The Gulf of Suez was the northern continuation of the Red Sea rift until the establishment of the Dead Sea transform cut it off in the mid Miocene [Steinitz et al., 1978; Eyal et al., 1981; Steckler and ten Brink, 1986] . The Gulf of Suez consists of sets of rotated crustal fault blocks separated by accommodation zones [Moustafa, 1976; Colletta et al., 1988] , as found in the Red Sea. However, the Gulf of Suez has an asymmetric structure, with all blocks within a segment rotated in the same direction [e.g., Colletta et al., 1988; Steckler et al., 1988; Patton et al., 1994] , suggesting that northern Red Sea also had such an asymmetric structure until at least the mid-Miocene. More than 100 km of extension has occurred in the northern Red Sea since the establishment of the Dead Sea Rift [Freund et al., 1968 [Freund et al., , 1970 . Geophysical data from the northern Red Sea indicate that this extension has occurred in a manner similar to the earlier extension in the Gulf of Suez by mechanical rotation of large fault blocks, accompanied by ductile flow in the lower crust. This extension was distributed across the rift and produced both an extremely thinned crust and a nearly flat Moho (Figure 7 ).
[74] The present symmetric Red Sea rift, with sets of fault blocks stepping down to an axial depression is, however, very different from the rift structure observed in the Gulf of Suez. At some point in its evolution, the Red Sea developed a symmetric structure and extension became largely concentrated near the axis. Although these two events cannot be demonstrated to have been simultaneous, it is logical to link them. The development of a symmetric Red Sea with an axial depression has occurred relatively recently. If the top of the evaporites is assumed to have been a level surface at the end of evaporite deposition near the Miocene-Pliocene boundary ($5 Ma), then the relative subsidence of the axis has occurred since then. Similarly, quantitative modeling of heat flow data [Buck et al., 1988; Martinez and Cochran, 1989] requires that extension became concentrated at the axis within the last few million years. It is unclear from the bathymetry and gravity data whether the establishment of a symmetric basin was accompanied by the generation of a new system of faults, so that the main block-bounding faults now all dip toward the axis, or whether all faults within a segment still dip in the same direction. Seismic data that could address this question is not available. The edge of the continental shelf on both margins does appear to be formed by a large normal fault dipping toward the axis. The faults bounding the axial depression also appear to consistently dip toward the axis.
[75] Concentration of extension near the axis has resulted in rapid lithospheric thinning and the generation of melt. Melt generated within a segment appears to be focused to a specific location within the segment where it ascends along the faults bounding the axial depression. This has resulted in the construction of a pair of volcanoes flanking the axial depression near the deep within each segment. The observation of a volcano at the axis within Shaban Deep suggests that, relatively rapidly, the melt is able to ascend vertically under the axis. With continued extension and magmatism, the small volcano in Shaban Deep can be expected to develop into a seafloor spreading cell, such as those observed in the central Red Sea [Pautot, 1983; Bicknell et al., 1986] . The continuous spreading axis in the southern Red Sea appears to have formed by the growth and coalescence of the original individual cells [Roeser, 1975; Miller et al., 1985] .
